Groundwater contamination becomes a great concern in many countries. One of the most important pollutants is hydrocarbons. Sources of Hydrocarbons pollutants in Gaza can be a result of accidental spills of petroleum products on the surface and uncontrolled disposal of wastewater. One of the common technologies for groundwater aquifer remediation from hydrocarbons is known as air sparging. In this study, a 120 cm × 100 cm × 80 cm laboratory scale aquifer model was implemented in order to investigate the effectiveness of air sparging technology in removal of petroleum products from contaminated site. Four pilot scale wells were installed at different depths and different spatial distribution. The central well was used for injecting air and the surrounding three wells were used for monitoring. The contaminated water and soil were tested for total organic carbon, lead, dissolved Oxygen and pH; one time before the start of treatment and four times through the treatment process. Total organic carbon in water and soil before air injection were 980 ppm and 0.08775 ppm, respectively. After air injection for three weeks (six hours daily) at flow rate range from 15 to 20 L/min and at pressure range from 300 to 400 kPa, the concentration of pollutant was decreased to 4.0 ppm and 0.0 ppm in water and soil, respectively. Based on the results, it was clearly demonstrated that air sparging is a simple, effective and affordable technology that can be applied for Gaza aquifer remediation in case of gasoline spill accidents.
Introduction
In the last decades, world has experienced various types of environmental pollution. Part of them had been generated from the use of natural resources such as petroleum. Hydrocarbons compounds are the main component of petroleum products. They are organic compounds contain one or more aromatic rings of hydrogen and carbons, which can appear in every aspect of our lives. Petroleum products comprise 80% of world's energy consumption.
Hydrocarbons compounds come into the environment spatially water system either accidently through spills from pipeline, refineries and storage tanks or actively such as uncontrolled disposal of wastewater and Industrial discharge into water system [1] .
The remediation of groundwater from petroleum hydrocarbons is possible by several remediation technologies, such as soil vapor extraction, pump and treat, air sparging and other techniques.
Air sparging becomes one of the most implemented and popular removal technologies since it was implemented for the first time in Germany in 1985. Air sparging is a relatively simple and effective in situ treatment technology based on injection clean pressurized air or potentially other gases to remove volatile organic carbon (VOC) and semi volatile organic carbon (SVOC) in addition to biodegradable contaminants from the saturated zone [2] . The treatment is based on converting solvents and gasoline from the dissolved phase to the vapor phase through air stripping. The dissolved VOCs or SVOCs absorbed by soil particles tend to volatilize and migrate to the vadose zone. Then a soil vapor extraction (SVE) system can be used to recover the volatilized contaminants from the vadose zone before it can migrate to enclosed spaces [3] .
It consists at least of one air injection well connected to compressor and vapor extraction system may be installed [4] . Its technique relies on two processes: volatilization of contaminants into gas phase and dissolution of oxygen that increase biodegradation of contaminants [5] to provide detail understanding for techniques and to identify any factors to be addressed in full-scale design usually pilot scales are used. From this point, a small scale simulation for air sparging remediation technology was built.
Most studies reported that air sparging basic concept involves injection of air through wells into aquifer in order to volatiles contaminant that immigrates upward into unsaturated zone [6] [7] [8] . Also when air is injected, oxygen can be dissolved that can increase biodegradation of contaminants [5] . It was agreed that air sparging is an efficient and economical method for groundwater contamination from hydrocarbons [9] . For air sparging pilot design user must consider air permeability and preferential flow pathways, region of influence and operation parameter (flow rate and pressure).
Several physical and numerical models were experienced under specific condition. Ji et al. [6] and Lundegard and Andersen [10] have studied fluids behavior during sparging. Laboratory test using Plexiglas tank filled with glass beads (0.2 to 4.0 mm in size) was performed by Ji et al. [6] to understand air flow behavior. Through high quality photography show that flow plum is affected by grain size as for large grain size air travels as discrete and for small one air travels as discrete. Lundegard and Andersen [10] show through their multiphase numerical model which involves movement of air, water, and liquid hydrocarbon at different injection scenarios (pressure, flow rate, depth) that flow behavior past through three stages 1) expansion stage 2) collapse stage and 3) steady state. Plummer et al. [11] worked on which is more efficient; vertical or horizontal injection well. His study was conducted using lexan tank and two types of soil (sand and glass) were tested for both vertical and horizontal wells. He proved that horizontal well is more efficient than vertical as it result in more uniform air distribution.
Three-dimensional laboratory test was conducted by Hein et al. [12] at cylindrical reactor. Semer et al. [13] performed another laboratory study. They all tried to investigate the effect of air flow and pressure changing on the radii of influence. Hein et al. [12] found that the influenced area slightly increase with increasing injection flow rate. Semer et al. [13] reported that pressure and flow rates have limiting value where further increase in one of them will not affect radii of influence, but additional channels will be created.
To study how changes in air injection rate and pulsing can affect removal rate, Johnson et al. [7] conducted two-dimensional aquifer packed with 1 diameter glass peads at two injection rate (1.25 and 10 L/min). They proved that by increasing in flow rate tend to increase air flow channels, which can lead to increase volatilization rate and improve the removal efficiency.
Although flow of fluids was studied by Ji et al. [6] and Lundegard and Andersen [10] air flow behavior was investigated by Mortensen et al. [5] at different air injection using different size of silica soil in laboratory column using MTBE tracer, which was simulated using T2VOC model. Result suggested that air was uniformly distribution in fine sand and discrete in coarser. They found the simulation was successful for fine sand but it was over predicted for coarser sand.
Another numerical model was developed to analyze specific air sparging parameter by Reddy and Adams [14] , which reported that the radius of influence is presented by boundary of air flow and vertical expansion. Also they found that although areal extent of influence is represented in cone shape laboratory test indicate that it is parabolic shape.
Hu et al. [15] enhanced what Reddy and Adams [14] report but in another way. Series of physical modeling were tested for various media sizes under different injection pressure to investigate their effect on the size and shape of zone of influence (ZOI). It was performed in Plexiglas tank using different sizes of transparent Silica glass beads, air pressure was gradually increased until air bubbles appeared in samples. Using image of digital videos it was observed that ZOI expanded by increasing pressure which can be expressed by two aspects horizontal expansion and angle of the ZOI boundary. In addition, a linear relationship between pressure and flow rate was found; however, theoretical value of minimum injected pressure is higher than the measured value, while theoretical maximum injection pressure is much lower than the measured value.
Materials and Methods

Study Area
Gaza Strip is a part of Palestine about 365 km 2 , located on the south eastern coast of Mediterranean Sea, bordered on the south by Sinai desert, on the east by Naqab desert. Gaza Strip is located in the transitional zone between the arid desert climate of the Sinai in Egypt and the temperate and semi-humid Mediterranean climate along the coast. The Gaza Strip is one of the most densely populated areas in the world. For administrative purposes, the area has been divided into five regions: North, Gaza, Middle, Khan Younis and Rafah. Approximately 85% of the population of the Gaza Strip drink from municipal groundwater wells and 15%, mostly in agricultural areas, use private wells to supply their drinking water. The soil in the Gaza Strip is composed mainly of three types: sands, clay and loess. The sandy soil is found along the coastline extending from south to outside the northern border of the Strip, at the form of sand dunes. The thickness of sand fluctuates from two meters to about 50 meters due to the hilly shape of the dunes. Clay soil is found in the north eastern part of the Gaza Strip. Loess soil is found around Wadis, where the approximate thickness reaches about 25 to 30 m [16] .
zone is assumed to be 15 L/min (roughly calculated from the Gaza groundwater aquifer conditions). Sources of Hydrocarbons pollutants in Gaza can be a result of accidental spills of petroleum products on the surface and uncontrolled disposal of wastewater. Figure  1 shows a map for Gaza and the potential pollution sources locations.
In addition, the model assumes that hydrocarbon removal occur during immigration of volatile contaminant upward into unsaturated zone as another ways for hydrocarbon removal due to adsorption or biodegradation.
Three-dimensional physical experimental model was performed using a laboratory scale. The sparging tank used in the current study was constructed primarily from plastic with the dimensions of 120 cm wide, 100 cm high and 80 cm deep. In order to simulate the dynamic groundwater conditions, water was allowed to flow through inlet and outlet at similar Darcy flow as in the aquifer. The tank consists of two zones similar to that used by Plummer et al. [11] : 1) saturated zone with 70 cm high, referred to as the bottom section was filled with sandy soil (brought from a well drilling site) and 2) unsaturated zone with 20 cm high, referred to as the top section.
Experimental Setup
Laboratory scale experiment was performed to quantify the efficiency and the effectiveness of air sparging technology and to identify any factors to be addressed in full-scale design as shown in Figure 2 .
For the current experiment, the air sparging pilot system similar to that used by Johnson et al. [7] except this system is larger and it was used to study the removal efficiency of air sparging at constant flow rate and pressure. In addition, the system assumes some constant condition such as: the soil has uniform porosity; the saturated soil is homogenous; the saturated soil has uniform distribution of sparge air; the time consumed for hydrocarbon removal depends on injected air flow rate; the zone at which bubbles is appeared is defined as radius of influence; and the groundwater flow rate in the saturated Air sparging experiment was conducted using sand media with physical and hydraulic sand properties as shown in Table 1 .
Clayey packed material, 2 mm thickness, was used around the internal walls of the tank and to prevent unpreferred air paths between the aquifer material and the tank walls. 
Air Injection Well
Vertical sparge well was constructed from 2.5 cm diameter Poly Vinyl Chloride (PVC) pipe. The lower 16 cm was perforated with holes of 4 mm diameter, which were warped with stainless steel mesh (well screen.). Gravel pack was used around the screen to prevent clogging. It was installed at the center of reactor 62 cm below the surface of target treatment zone.
Monitoring Network
The monitoring network in the experiment consists of: 1) groundwater monitoring wells, a typically three monitoring wells consist of 2.5 cm diameter PVC casing with the well screen in the saturated zone surrounded by gravel back used as filter during water pumping. The wells were installed spaced at an angle of 120˚ from each other, at a radial distance 40, 30 and 20 cm from the in-jection well; and 2) multilevel soil monitoring point, three points were chosen at different depths from the top of soil surface 30, 40 and 50 cm, respectively.
Air Compressor
An air compressor required to transfer air through sparging system was selected according to expected pressure and flow rate. The compressed air for sparge well was supplied from 0.5 HP (800 kPa) compressor.
Experimental Procedure and Protocol
Experiment was designed to simulate in situ removal of contaminants by air sparging. Air sparging system was operated at three intervals in a pulsed mode, six hours per day, each interval takes one weak. The experiment was conducted for one chemical pollutant (Gasoline). Chemical and physical properties of gazoline are described in Table 2 .
The experimental protocol was included the following steps:  The water table was raised to the top surface of the soil with gasoline concentration of 0.98 g/l.  The fluid was allowed to settle until the water table stabilized.  Water table was maintained at constant level, 20 cm below the top surface of the soil.  Water tank 60 L was connected to the pilot inlet, filled with synthesized polluted sample with the same gasoline concentration as the water in the main tank, in order to apply constant hydraulic head and to simulate movement of groundwater flow.  Air was initially injected at range of flow rate from 15 to 20 L/min and the actual delivery pressure in the pilot was used in range from 300 to 400 kPa according to the radius of influence (ROI), which was estimated through observation of air bubbles in the unsaturated zone. Initial entry air pressures ranged from 400 to 450 kPa, which represent pressure needed for diffusion of air flow. The injection pressure then generally decreased to about 370 kPa, as a steady flow condition is approached. Pressure should not exceed safe level since high pressure can damage air sparging channels and cause fracturing in the formation.  Water and soil sampling are continued until the end of experiment. Since ROI is affected by flow rate and pressure, flow rate and pressure were adjusted until the required ROI was reached. When air flow was 15 L/min and pressure was 200 kPa, ROI was 20 cm; and when the pressure was increased to 300 kPa, the ROI reached at 40 cm. Finally when it was operated at 370 kPa, the measured ROI was 45cm, but the greatest bubbling activity was confined to a region with a radius of 20 cm (as also achieved by Semer et al. [13] . The procedure for adjusting flow rate and the amount of pollutant was also explained by Johnson's two-dimensional laboratory scale experiment. Pulsing rate was 6 hours on, 18 hours off. Total organic carbon, lead, pH and DO were monitored for both water and soil.
Results and Discussion
The analysis results showed that the total organic carbon in soil samples regardless of depth increased after one week of operation and then decreased in the third week to reach zero in the last week, which mean cumulative removal efficiency is about 100% as shown in Table 3 .
Total organic carbon (TOC) concentration in water samples was found to decrease slowly as the monitoring well become farther from injection well. This decrease is attributed to time needed to meet maximum removal rate. Therefore, if the removal efficiency was compared at the same time step, it was found that it has reached 74% at the nearest well, 43% at the second farthest well and 18% at the farthest well as illustrated in Table 4 .
It was noticed that for both water and soil samples, when TOC decreases pH increases. However, TOC and pH are almost constant at different depths for both soil and water (Figure 3) . Regarding the DO in water samples, it was found that there was slight general increase with time with little exception in the fourth week. This might be due to the continuous supply of Oxygen to the system and the decrease in TOC concentration.
As for the lead concentration in water, it did not show any smooth trend of increase or decrease mainly due to the fact that the air sparging process do not remove lead and that other processes might be involved. In soil, the lead concentration was found to decrease with time and almost no change with depth. Some of the results for lead may not be logical. The reason for that could be the interruption of other processes in soil and water or error in measurements. In any case interpreting lead concentration was out of the scope of this experiment and was only used as indication of the hydrocarbons sources particularly when it comes from leaded fuel.
The TOC in water samples was logical as it should decrease with time except +10% errors in the last reading for the third well that might have happened during sampling or testing of the water sample as shown in Figure  4 .
As earlier stated regarding DO concentration, Figure 5 shows some logical results in first well, however for the second and third wells it shows some disturbance at the beginning of the treatment process. Some of the errors might have resulted during the sampling in the first week as the water pump has caused too much turbulence.
The lead concentration in soil samples were decreased with increasing pH value that's because of increasing hydroxide ions and lead may precipitate and move with pollutant to the lower layers of soil as shown in Figures 6 and 7 . 
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The pH in the Egyptian Gasoline that is used in Gaza and in this experiment was 8.3, which means that the used Gasoline reacted as basic which should result in the decrease of pH with time for both soil and water. Figures  8 and 9 did not show similar logical trend also could be due to the disturbance and turbulence.
Conclusions
The main pollution sources of hydrocarbon in Gaza Strip are accidental spill of petroleum products (one case was unofficially reported), uncontrolled disposal of waste water, unmonitored petroleum transfer sites. Air sparging technology was found to be suitable for Gaza based on the hydraulics and physical properties of Gaza shallow groundwater aquifer. Laboratory scale experiments were used to determine the optimal operational parameters of the air sparging process including the radius of influence, the air flow rate and the air pressure. Properties of contaminant are important in determination the amount of air required and the operation time where air injection rate should be chosen, which maximizes the effect of the dominant removal mechanism at the site. There is an inverse relationship between TOC and DO, because the treatment operation consume huge amount of oxygen. The laboratory scale model dimensions are 120 cm long, 80 cm wide and 100 cm high. Four pilot scale wells were installed at different depths and different spatial distribution. The central well was used for injecting air and the surrounding three wells were used for monitoring. The contaminated water and soil were tested for TOC, Pb, DO, and pH; one time before the start of treatment and four times through the treatment process.
The concentration of pollutant in water and soil before air injection was 980 ppm and 0.08775 ppm, respectively. After air injection for three weeks (six hours daily) at rang of flow rate from 15 to 20 L/min and at pressure range from 300 to 400 kPa, the concentration of pollutant decreases to 4.0 ppm and 0.0 ppm in water and soil, respectively.
